■ The ability to extract visual word forms quickly and efficiently is essential for using reading as a tool for learning. We describe the first longitudinal fMRI study to chart individual changes in cortical sensitivity to written words as reading develops. We conducted four annual measurements of brain function and reading skills in a heterogeneous group of children, initially 7-12 years old. The results show age-related increase in childrenʼs cortical sensitivity to word visibility in posterior left occipito-temporal sulcus (LOTS), nearby the anatomical location of the visual word form area. Moreover, the rate of increase in LOTS word sensitivity specifically correlates with the rate of improvement in sight word efficiency, a measure of speeded overt word reading. Other cortical regions, including V1, posterior parietal cortex, and the right homologue of LOTS, did not demonstrate such developmental changes. These results provide developmental support for the hypothesis that LOTS is part of the cortical circuitry that extracts visual word forms quickly and efficiently and highlight the importance of developing cortical sensitivity to word visibility in reading acquisition. ■
INTRODUCTION
In early schooling, children are exposed to hundreds of thousands of written words each year (Nagy & Anderson, 1984) . Such extensive exposure to a particular class of stimuli may shape the functional properties of the visual pathways via experience-dependent cortical plasticity. This assumption underpins the hypothesis that readers have a "visual word form area" (VWFA)-a specific cortical region in left ventral occipito-temporal cortex specialized for visual word processing (Dehaene, Cohen, Sigman, & Vinckier, 2005; McCandliss, Cohen, & Dehaene, 2003; Cohen et al., 2000) . Cortical specialization for written words is unlikely to be part of our genetic makeup, because reading is a relatively recent invention in human history. But the ability of experience-dependent plasticity to shape certain parts of cortex for efficiently identifying important visual categories in our environment may well be part of our genetic endowment . In this article, we examine the developmental predictions of the visual word form hypothesis by measuring changes in cortical sensitivity to visual words as children learn to read.
The Visual Word Form Hypothesis: Background and Recent Developments
The search for a cortical area specialized for visual word recognition dates back to the early observations by Dejerine (1892) and to later neuropsychological studies (Warrington & Shallice, 1980) . Within the cognitive neuroscience literature, the visual word form hypothesis has been revived by Cohen and Dehaene (Dehaene et al., 2005; McCandliss et al., 2003; Cohen et al., 2000) . Many studies have followed up on this idea, showing specific responsivity to visual words and their orthographic properties in the adult ventral occipito-temporal (VOT) cortex (Glezer, Jiang, & Riesenhuber, 2009; Baker et al., 2007; Vinckier et al., 2007; Binder, Medler, Westbury, Liebenthal, & Buchanan, 2006) . In recent years, it has been argued that, rather than a discrete location, there is a visual word form system of print-sensitive regions extending along the VOT surface (Dehaene et al., 2005) . This model has been supported by data showing a hierarchical organization along the VOT, with increasing specificity to larger orthographical units as we move ventrally toward the temporal pole ( Vinckier et al., 2007; Brem et al., 2006) .
The visual word form hypothesis stirred a debate in the neuroimaging literature pertaining to its modality and stimulus specificity (Vigneau, Jobard, Mazoyer, & TzourioMazoyer, 2005; Price & Devlin, 2003 . In previous work, we developed a parametric incidental reading paradigm that maps adultsʼ cortical response functions to words and other stimuli. We showed that BOLD signals in the posterior occipito-temporal sulcus (OTS) increase with stimulus visibility, and this is true not only for words but also for line drawings of objects and false font strings (Ben-Shachar, Dougherty, Deutsch, & Wandell, 2007b) . We refer to this region by its anatomical location (OTS), because the functional name VWFA suggests that it responds 1 Stanford University, 2 Bar Ilan University, Ramat-Gan, Israel only to words (contra to our findings) and that it is the only such region. Importantly, our results also demonstrated word specialization in this region, which was significantly more sensitive to words than to other stimuli. These results make a clear developmental prediction that the sensitivity to word visibility in OTS develops over the school years. The exact developmental profile and the cognitive changes that accompany these cortical changes are the topic of this study.
The Development of Word Sensitivity and Specificity in VOT Cortex
The principle that cortex learns to process visual word forms predicts that sensitivity and specificity to visual word forms develop in VOT cortex during early education. Several studies examined the development of word form responses in school age children. For example, a series of articles by Brem and colleagues (Brem et al., , 2010 use both ERPs and fMRI to measure the development of responses to words and symbol strings in posterior VOT. Across age groups, they found a negative relationship between reading performance and the amplitude of fMRI responses to words in VOT ). However, no significant age-dependent differences were found in the spatial distribution of responses to words and symbol strings . The amplitude of the N1 component of the ERP differed between ages, and this component was localized to the general position of the left occipito-temporal sulcus (LOTS) Maurer et al., 2006 Maurer et al., , 2007 . Several fMRI comparisons between age groups (commonly adults and school age children) fail to find a difference in the OTS (Brown et al., 2005; Turkeltaub, Gareau, Flowers, Zeffiro, & Eden, 2003) . Yet other fMRI studies find age effects as well as reading skill effects in groups of children versus adults in the vicinity of the OTS (Church, Coalson, Lugar, Petersen, & Schlaggar, 2008; Kronbichler et al., 2006) . Differences between orthographic systems are unlikely to be the reason for this variability in fMRI results, because there are both negative and positive results in both German (compare Brem et al., 2006 with Kronbichler et al., 2006 and English (compare Church et al., 2008 with Turkeltaub et al., 2003 . Differences in task and stimulus contrast, as well as in the composition of the research population (percentage of good and poor readers), may contribute to or conversely mask developmental differences around the OTS. Finally, the VOT is comprised of multiple cell populations with differing functional preferences. Group comparisons may miss individual differences in the spatial organization of these specialized assemblies.
A Longitudinal Perspective on Individual Cortical Development
Individual variability can be properly addressed by assessing cortical responses individually and tracking changes in response profiles longitudinally. This experimental approach is methodologically advantageous (Casey, Tottenham, Liston, & Durston, 2005) but difficult to implement for two primary reasons: (a) Changes in signal to noise ratio over time: Measurement noise complicates comparisons between fMRI activation levels over developmentally relevant periods (months or years). (b) Attrition: A true longitudinal perspective requires assessment of change over three or more time points (Willett, Singer, & Martin, 1998) , and attrition rates are particularly high in child populations, for example, because of family mobility.
For these reasons and others, long-term longitudinal studies of brain changes underlying reading development in the normal population are still quite rare, and the longitudinal perspective is used mostly for testing intervention effects (Brem et al., 2010; Shaywitz et al., 2004; Temple et al., 2003) . Although longitudinal studies are particularly powerful for measuring individual change, no previous study has traced changes in individual childrenʼs cortical responses to visual words. Instead, previous studies compare group levels of activation at different time points, typically before and after intervention. This approach has the advantage of casting a wide net across the whole brain and enhancing the chances for detecting an existing pre/post difference. However, it does not provide a precise measure of the change within individual and, therefore, makes it hard to relate cortical and behavioral changes.
In this study, we use longitudinal fMRI and cognitive measurements to track the developmental profile of cortical sensitivity to word visibility and examine which components of reading change at the same pace as the sensitivity to word visibility in the OTS. We followed a diverse group of children over four annual measurements. To overcome long-term changes in signal to noise ratio, we developed a robust measure of cortical sensitivity to word visibility, which is defined as a threshold value on a stimulus-response curve. Similar to the psychophysical threshold, the sensitivity measure is "stimulus referred"-it is quantified in the domain of the stimulus (visibility), and it relies on the shape of the whole stimulus response function, not on the absolute or relative fMRI amplitude. To reduce the attrition problem, we recruited a large initial sample and maintained a stable team who kept constant communication with our participating families. The results provide a unique window into the cortical changes at the level of the individual participant in relation to cognitive changes within the same individual.
METHODS
We followed children with a wide range of reading skills and ages in an accelerated longitudinal design ( Willett et al., 1998) . Four annual waves of longitudinal measurements included anatomical and functional MRI scans as well as a battery of age-standardized cognitive tests. In fMRI, subjects viewed words presented at four different visibility levels ( Figure 1A ; see Ben-Shachar et al., 2007b , for a detailed description of the functional paradigm as implemented in adults). We measured childrenʼs fMRI signals as a function of word visibility, that is, their word visibility neurometric curve, and quantified changes in these curves within the same individual over time.
Participants
The initial cohort included 53 children (29 girls, 24 boys), 7-12 years old. Demographics describing the participant population across the four sample points are shown in Table 1 . Participants with a wide range of reading skills were recruited from the San Francisco Bay Area. Written informed consent or assent was obtained from both parents and children. All participants were physically healthy and had no history of neurological disease, head injury, psychiatric disorder, language disability (verified by the Clinical Evaluation of Language Fundamentals-3 (CELF-3) Screening Test), attention deficit/hyperactivity disorder (verified by Connersʼ Parent Rating Scale-Revised Short Form), or depression (verified by the Childrenʼs Depression Inventory Short Form). All participants were native English speakers and had normal or corrected-to-normal vision. Participants were paid per session; they also received Figure 1 . Experimental paradigm and age-grouped neurometric curves in LOTS. (A) Word visibility was controlled parametrically by varying the amount of phase scrambling applied to common four-letter English nouns. Stimuli were presented in blocks (six stimuli, 12 sec) in a pseudorandom order, interleaved with fixation blocks (12 sec, uniform gray rectangles). A black or dark blue fixation cross was refreshed every 2 sec throughout all blocks. Subjects indicated the color of the fixation cross using a response box. (B) Neurometric curves measured in the LOTS grouped by age: 7-8 years (brown), 9-11 years (orange), and 12-15 years (yellow). Mean change in contrast (ΔBOLD) is plotted as a function of visibility (inverse noise level). The ΔBOLD contrast is the difference between the fMRI responses for shape + noise and for noise alone. Circles represent the data, and separate curves were fitted to the data from each age group. The fitted curves were constrained to have the same upper asymptote and slope, differing only in horizontal position. Horizontal error bars represent the standard error, computed by bootstrapping. (Table 1 , top row). The principal reasons for attrition were (a) nonremovable dental braces, frequently installed around ages 9-10, causing artifacts in MRIs, and (b) loss of interest, particularly among the older children. Twenty-eight participants of the initial 53 remained with us for the entire fourmeasurement study (the twenty-ninth participant in Measurement 4 could not participate in Years 2 and 3 because of braces but returned for the fourth measurement when those were removed).
Procedure
Each year, starting in summer 2004 and ending in summer 2007, participants took part in three or four separate experimental sessions in the following order: cognitive assessment, anatomical MRI, and functional MRI (one or two sessions). The anatomical MRI session gave participants the opportunity to adjust to the scanner environment. This MRI scan also served as practice for reducing head motion; this artifact can be detected in short anatomical scans as image blurring.
Cognitive Assessment
Participants were administered a comprehensive assessment of reading and reading relevant cognitive skills that took approximately 4 hr to complete. Tests were administered by an experienced neuropsychologist (G.K.D). In following years, a shortened 2-hr assessment was administered. The assessment included the following tests: Test of Word Reading Efficiency , subtests from the Woodcock-Johnson III Test of Achievement (WJ-III) (Woodcock, 1987) , subtests from the Comprehensive Test of Phonological Processing , and the Gray Oral Reading Test-4 ( Wiederholt & Bryant, 2001 ). Intelligence was assessed by the Wechsler Intelligence Scale for Children-IV (first year only) (Wechsler, 2003) , and general language was assessed by the CELF-3 Screening Test (Semel, Wiig, & Secord, 1995) . Full-scale intelligence quotient of at least 85 and a passing score on the CELF-3 Screening Test were required for inclusion. See Supplementary Table 1 for a description of the relevant subtests referred to in this manuscript.
fMRI Stimulus Paradigm
Word stimuli were presented at four visibility levels (Figure 1A ). In the least visible condition, it is impossible to see a word because the contour information is fully scrambled by noise. In the two intermediate conditions, visibility is gradually enhanced. In the most visible condition, the word is fully visible.
Words (n = 144) were selected from a list of 192 common four-letter English nouns. The letters were centered on a fixation cross; there were two letters on each side of the cross, and no overlap between the letters and the cross (see Figure 1A ). The letter font was white, "MS Sans Serif " (18 pt). The words and fixation were presented within a gray rectangular frame that spanned 7°visual angle; the words spanned 2.2-4.42°(mean = 3.5°).
The four visibility levels were created by randomizing the phase of the word image and creating a weighted sum of the original and phase scrambled image (see BenShachar et al., 2007b , for more detail). Stimuli were presented through a backlit projection screen, visible to the subject by a mirror mounted on the top of the head coil. Responses were collected using an MRI compatible response box. Stimulus presentation and response collection were controlled by E-Prime (Psychology Software Tools, Pittsburgh, PA).
Stimuli were presented in a block design. Word presentation blocks were interleaved with fixation-only blocks. Each experimental run (six runs in total) began with a word presentation block (excluded from analysis, see below) and ended with a fixation block. Runs included seven experimental and seven fixation blocks. A fixation mark (plus sign, Arial font size of 16, bold), either dark blue or black, was present in all trials (including fixation blocks). Stimuli were presented centrally for 1700 msec, followed by a blank screen (300 msec), resulting in an ISI of 2 sec (six stimuli per block, 12-sec blocks).
In each trial, participants identified the fixation mark color with a button press; thus, reading was implicit. Children performed the fixation task with high accuracy (87-92% correct on different conditions and measurement points, no significant difference between conditions or measurement points). The main reasoning behind the choice of task was to avoid age-related and skill-related differences in task performance or in the motivation to process the stimuli. Our experience over more than 150 functional scans with children shows that (a) it is very important to include a behavioral task inside the scanner to maximize alertness and minimize motion, but (b) many children, particularly younger and poorer readers, are worried that they will be asked to read while in the scanner. In fMRI, we critically depend on the participantsʼ compliance; if they are unhappy with what they are asked to do, they may just close their eyes or attend elsewhere. The fixation task is a way to achieve these conflicting goals within the same experiment. Previous studies with adults and children showed that implicit reading is effective in activating the reading network (Turkeltaub et al., 2003; Moore & Price, 1999) . As mentioned earlier, extensive assessment of reading skills was achieved in separate sessions outside the scanner.
MRI Data Acquisition
fMRI measurements were obtained using a 3T General Electric scanner with a custom head coil. Head movements were minimized by padding and surgical tape across the forehead. Functional MR data were acquired with a spiralout pulse sequence (Glover, 1999) . Twenty-six oblique slices (3-mm thick, no gap) were prescribed approximately along the ac-pc plane, covering the occipital and temporal lobes as well as ventral portions of the parietal and frontal lobes (TR = 2000 msec, TE = 30 msec, flip angle = 76, voxel size = 2.5 × 2.5 × 3 mm).
In-plane anatomical images were acquired before the functional scans using a fast spoiled gradient recalled (SPGR) sequence. These T1-weighted slices were taken at the same location as the functional slices and were used to align the functional data with high-resolution anatomical data acquired in a separate session. A week before the functional scan session, children attended an anatomical scan session in which we collected diffusion tensor imaging (DTI) data (not reported here) and several high-resolution (1 × 1 × 1.2 mm) T1-weighted whole-brain anatomical images on a GE 1.5-T Signa LX scanner (3-D SPGR pulse sequence). We averaged the high-resolution SPGR anatomical data sets for improved gray-white contrast and registered them year-toyear for each subject (Dougherty et al., 2005) . Supplementary Figure 8 demonstrates the quality of the registration and the slight anatomical changes in the posterior part of the brain by overlaying segmentations of high-resolution anatomy from Year 1 on top of the anatomy from Year 4. Even in young children, posterior anatomical changes were small and below the resolution of our functional measurements.
Data Analysis
We analyzed the change in individual participantsʼ sensitivity to visual word forms within predefined ROIs. First, ROIs were individually defined guided by individual activation maps (for all word conditions) and anatomical guidelines. For each individual and each ROI, we extracted the neurometric BOLD response curves as a function of word visibility and examined the year-to-year change in the curves. Finally, we quantified curve change over time and compared this change with behavioral change. We explain each of these steps below. fMRI data were analyzed using mrVista (white.stanford.edu/software/ ) and Matlab R2006b (Mathworks, Natick, MA).
Preprocessing
Data were analyzed voxel by voxel in individual subjects with no spatial smoothing. The first six volumes of each run were excluded from analysis to allow for signal stabilization. Baseline drifts were removed from the time series by high pass temporal filtering. Subjects were excluded from analysis because of excessive (>1 voxel) within-scan motion in more than two of the six scans. The remaining data sets were corrected for between-scan motion by registering the mean images of each scan. See Table 1 for the number of data sets that passed our motion criteria in each year. Motion compensation methods are described in detail elsewhere (Ben-Shachar, Dougherty, Deutsch, & Wandell, 2007a) .
Contrast Maps
Spatial contrast maps were computed for each measurement (year) by fitting a general linear model to each voxelʼs time course. The general linear model predictors were constructed by convolving the block timing with a standard hemodynamic response model (Boynton, Engel, Glover, & Heeger, 1996) . Predictors were added for each run to model between run variations. Contrast maps were computed as voxel-wise t tests between the predictor weights for the relevant experimental conditions.
Visualization
The high-resolution volume anatomy of 12 subjects was segmented into gray and white matter using custom software and then hand-edited to minimize segmentation errors (Teo, Sapiro, & Wandell, 1997) . The surface at the white-gray border was smoothed and rendered as a three-dimensional surface using VTK software (www.vtk.org/). Data from all gray layers were mapped to this surface, and the maximum value of those was assigned to each triangle on the surface. For visualization purposes only, spatial smoothing along the cortical surface was applied using an iterative neighborhood average roughly equivalent to a 4-mm FWHM Gaussian. These mesh representations were used in preparation of Figures 1B and 3 and Supplementary Figures 6 and 7 .
ROI Analysis
ROIs were defined in individual participantsʼ brains according to the following combination of anatomical and functional guidelines. Bilateral ROIs were constrained to fall within the following anatomical borders: OTS-in the depth of the OTS, at the junction between OTS and the inferior temporal sulcus; V1 (foveal)-at the posterior third of the calcarine sulcus; and posterior parietal cortex (PPC)-in the depth of the intraparietal sulcus, just lateral to the parieto-occipital sulcus and just medial to the bend of the angular gyrus. We selected voxels within these anatomical borders by functional criteria. For each measurement (year), we marked voxels that passed the threshold ( p < 10 −3 , uncorrected) for a functional localizer contrasting all word conditions (excluding full noise) versus fixation (Ben-Shachar et al., 2007b) . We took the intersection of the functional localizer maps across the years. This ROI was transformed back to the functional slices from each year. Time course data were collected from voxels included in the intersection ROI within the anatomical borders detailed above, in the original in-plane, noninterpolated data. In this way, we analyzed changes in the response properties of the same set of voxels along time. See Supplementary Figure 8 for an assessment of registration quality and anatomical change around the relevant brain regions.
Neurometric Functions
The word visibility neurometric function ( Figure 1B) plots the difference between the BOLD contrast in each condition and the full-noise response contrast as a function of visibility (for a detailed explanation of the computation of BOLD contrast and word visibility neurometric functions, see Ben-Shachar et al., 2007b) . The smooth curves are cumulative Gaussians fit to the mean data for each age group. The curves are fit using five parameters: To avoid overfitting, a common asymptote BOLD response and slope were found for all curves, and a Gaussian mean (horizontal shift) was determined for each of the three curves. Variability of the mean was estimated by bootstrapping (Efron & Tibshirani, 1993) . We resampled with replacement (1000 samples) from the subject data within each age group. We then found the five parameters and computed the standard deviations of the Gaussian means. Mean age grouped curves without fitting and with vertical error bars are shown in Supplementary Figures 1, 3 , and 4. These curves were scaled to the mean response for the full-noise condition across all age groups.
To assess the change in individualʼs response curves along time, we first summarized the response curve measured each year by a single number that represents sensitivity. We defined neurometric sensitivity as one minus the visibility level that gives rise to half the maximum BOLD response (Figure 2A ). We used this nonparametric sensitivity measure for individual data to avoid parametric assumptions about the shape of the function and to overcome fluctuations in overall signal strength across the years. We then plotted, for 28 individuals with three or more usable data sets (time points), the sensitivity value as a function of age. Again, given the small number of data points (3 or 4) per individual, we fitted these points with a simple line, and the slope of this line represents the change in sensitivity along the years for each individual ( Figure 2B ). We applied the same computation to the raw cognitive test scores plotted as a function of age, deriving the slope of a fitted Figure 2 . Longitudinal change in LOTS predicted by the change in SWE. (A) Threshold visibility is the visibility level that gives rise to half the maximum fMRI response, and sensitivity is (1 − threshold). In this example, the threshold decreases (sensitivity increases) across four measurements (brown to yellow shapes). (B) Change in sensitivity is computed as the slope (α) of a line fit to the sensitivity measures over time. Similarly, behavioral change is computed as the slope of a line through the raw behavioral scores over time. Subjects with fewer than three usable data sets are excluded from this analysis. (C) The correlation between longitudinal change in LOTS sensitivity and SWE is highly significant (r = 0.564, SE = ±0.11; SE is computed by bootstrapping, n = 28).
line as a measure of the change in a cognitive measure. We then compared the neurometric changes with the cognitive changes ( Figure 2C and Supplementary Figure 2) and assessed the correspondence between localized changes in cortical sensitivity and changes in specific cognitive measures.
RESULTS

Development of Sensitivity to Word Forms: Cross-sectional Analyses
We first examine childrenʼs neurometric curves grouped by age. As shown in Figure 1B , there are systematic differences in the word visibility neurometric curve in LOTS as children develop. To quantify the difference in neurometric function across age groups, we fit the age-grouped data using a cumulative Gaussian function. This function is defined by three parameters: sensitivity, slope, and upper asymptote. We fix the slope and asymptote across the age groups, and we allow only the sensitivity parameter (horizontal shift) to differ between groups. Sensitivity should be interpreted similar to a threshold value, as it is the visibility level that gives rise to half the asymptote of the fMRI signal. Therefore, a lower sensitivity value means better performance, an ability to reach higher signal for a less visible word.
In the age-grouped data ( Figure 1B) , the sensitivity parameter changes substantially from the younger age group (0.57) to the older age group (0.275). The mean sensitivity value for words in the older age group agrees with the value we recently reported in adults (0.277) (Ben-Shachar et al., 2007b) . This quantitative agreement provides independent validation of our measurements in children; it further suggests that, for English readers, measurements of LOTS sensitivity to words are stable after the age of 12 years. Other aspects of the cortical responses to words, such as stimulus specificity, may continue to develop after this age, as suggested by ERP findings in German . We also measured word visibility neurometric functions in the right occipito-temporal sulcus (ROTS). Responses in the ROTS increase with word visibility, matching our results in adults (Ben-Shachar et al., 2007b) . In contrast to the LOTS, however, the ROTS neurometric functions do not differ significantly between age groups (Supplementary Figure 1) . The lack of a cross-sectional age effect in ROTS suggests that this region does not undergo the same experience-dependent changes as the LOTS.
Development of Sensitivity to Word Forms: Longitudinal Analyses
Longitudinal measurements enable us to make inferences about individual change, beyond the group comparison (Singer & Willett, 1996) . To assess change robustly, one must acquire three measurements or more from the same individual. In our sample, 28 children provided data from three or more time points after attrition and exclusion of data because of excessive motion artifacts. To quantify individual change in these 28 participants, we first compute, for each temporal sample, each childʼs sensitivity to words. Individual sensitivity is defined as the stimulus visibility level that gives rise to half the maximum of the fMRI response in that child (Figure 2A ). Notice that we avoid fitting a higher-order parametric function to individual subject data, because variability in single-subject data precludes a high-quality fit of any single parametric function; the measure we use for individual sensitivity is, therefore, a simple, nonparametric, [1 − x at half maximum] measure, with linear interpolation between the measured values. We then find a line through the sensitivity values plotted against age; the slope of this line is the change in sensitivity over time ( Figure 2B ). We use the same method to characterize the change in cognitive test scores. For longitudinal measurements, it is best to assess the change in raw scores rather than the changes in age-standardized scores, because the latter reflect changes in the childʼs status compared with his cohort rather than individual change (Willett et al., 1998) .
Measured child by child, the change in LOTS cortical sensitivity significantly correlates with the change in sight word efficiency (SWE) raw scores ( Figure 2C ). SWE is a measure of the number of frequent words read aloud in 45 sec. The correlation is highly specific: change in LOTS sensitivity does not correlate with raw scores in phonemic decoding efficiency (the number of pseudowords read in 45 sec) or rapid letter naming (naming times were transformed to number of letters named per minute, for consistency with SWE and phonemic decoding efficiency) (Supplementary Figure 2) . Change in SWE is the only measure that significantly correlates with change in LOTS sensitivity ( Figure 3A ; see Bruno, Zumberge, Manis, Lu, & Goldman, 2008 , for a related finding in adults). The second strongest correlation is with change in word identification (WJ-III) (Woodcock, 1987) , an untimed measure that also estimates single-word reading skill. No significant correlations were detected with measures of phonological processing or rapid automatic naming. This result is important because it provides a functional interpretation of our findings, targeting the development of speeded sight word reading as the one most directly related to the development of cortical sensitivity to visual word forms in the LOTS.
Individual childrenʼs ROTS word form sensitivity showed no increase over time ( p > .3); the same analysis of individual children in LOTS showed an increasing sensitivity ( p < .05, two tailed). Change in ROTS did not correlate significantly with any cognitive skills ( Figure 3B ). The lateralization of the correlation to the LOTS suggests that the developmental effect is not explained by general brain development or instrumental factors.
Differences between Good and Poor Readersʼ Word Visibility Curves
Although our study did not target dyslexia specifically, a few of the participants may be classified as poor readers (Basic Reading [WJ-III] age standardized score under 90, a criterion used by many, e.g., Shaywitz et al., 2007) . To examine the difference between the word visibility curves in poor and good readers, we grouped the curves by reading scores (Figure 4) . In both the LOTS and ROTS, good readers have a sigmoidal word visibility curve, with a slight signal drop-off at the most visible condition. Poor readers, on the other hand, have a monotonically ascending response with word visibility. A significant difference is measured only for the most visible condition in the LOTS, wherein poor readersʼ responses exceed those of good readers (t(31) = 2.35, p < .05, participants who yielded more than one value in the group were counted only once).
In a subtraction design that only compared fully visible words to scrambled words, one would conclude that poor readers activate LOTS more than good readers. Given the full curves, it is clear that LOTS responses in good and poor readers are similarly modulated by visibility, except poor readersʼ responses do not saturate. Rather, poor readers appear to assign more and more cortical resources to word processing, even when the word Dashed lines with square symbols depict mean curves for poor readers (basic reading standardized score < 90, mean age = 10.85, n = 7 participants contributing 14 curves); full lines with circular symbols depict mean curves for good readers (basic reading standardized score ≥ 100, mean age = 10.76, n = 26 participants contributing 58 curves). Error bars are calculated as SEM, wherein n is the number of unique participants (which is more conservative than the number of observations).
form is completely visible and easy to extract. Good readers, on the other hand, have a more efficient curve, with response levels leveling out or even dropping when the words are fully visible.
Age-related Change in OTS Volume
Developmental changes in the volume of fMRI activations have been recorded in the domain of face processing (Golarai, Liberman, Yoon, & Grill-Spector, 2010; Golarai et al., 2007; Scherf, Behrmann, Humphreys, & Luna, 2007) , but to our knowledge, there are no data on parallel changes in the VWFA. To assess age-related differences in the volume of the OTS, we calculated visibility contrast maps in each individual for each measurement (see Supplementary Figures 6-7C) . We counted the activated voxels within the LOTS and ROTS, provided that they defined a coherent cluster on the high-resolution volume anatomy ( p < 10 −3 , uncorrected). Voxel counts were translated into volume estimates and averaged per age group ( Figure 5 ). Adult estimates were derived in the same way from published data (Ben-Shachar et al., 2007b) using the same paradigm in nine adults (five men and four women) ages 23-53.
The volume analysis shows that, although children reach adult sensitivity in LOTS around 12 years, further changes in their responses are evident until adolescence, reaching adult cluster volume in LOTS around the age of 15. However, these changes in volume are not monotonic with age but take the form of an inverted U curve: volume increases until about age 12 and then decreases from age 13 to 15 years.
We followed up on this surprising finding with a second longitudinal analysis of the change in the activated cluster volume in LOTS. For each individual, we calculated the year-to-year difference in cluster volume. We present these volume changes in Figure 6 , grouped by age.
The longitudinal analysis reveals positive change in LOTS cluster volume in 7-to 9-year-olds, no change in 10-to 12-year-olds, and a negative change in 13-to 15-year-olds. The difference in volume change between the younger and the older age groups was significant (t(12) = 2.68, p < .05). These findings provide additional evidence that the cluster activated by word visibility in LOTS first grows and then shrinks, reaching adult size around 15 years. , 6, 11, 21, 28, 25, 18, 6, 4, 9, respectively) in LOTS and ROTS. Adult cluster volume calculated on data from Ben-Shachar et al. (2007) . Error bars represent SEM. 
Word Visibility Functions in V1 and PPC
We focus on the LOTS, the approximate anatomical location of the VWFA (Cohen, Dehaene, Vinckier, Jobert, & Montavont, 2008; Cohen, Jobert, Le Bihan, & Dehaene, 2004; Cohen et al., 2000 Cohen et al., , 2002 Cohen et al., , 2003 because of its significance in the literature. We further examined responses in other cortical regions. For an analysis of adjacent areas along the ventral surface, see Supplementary Appendix I. As another control, we measured responses in foveal V1. There is a response to all of the visual stimuli, but (a) there is no increase in the response with word visibility and (b) no change in the word visibility neurometric function over the years (Supplementary Figure 3) . In bilateral PPC (Cohen et al., 2008; Vinckier et al., 2006) , we found increasing responses to word visibility (Supplementary Figure 4) . In left PPC, but not in right PPC, there are cross-sectional differences between the youngest and the older age groups. None of the correlations between cortical and behavioral changes in PPC pass significance of conventional statistical tests (Supplementary Figure 5) . A nonparametric bootstrap test reveals a nonspecific pattern of nonzero correlations, including correlations with phonological and speeded word reading measures (Supplementary Figure 5 , error bars). This cognitive profile, together with the early developmental difference found in LPPC, fit well with recent accounts viewing this dorsal region as a serial attention spotlight applied to the letter-by-letter analysis of degraded written words (Cohen et al., 2008) . It is possible that this serial strategy develops early and then phases out as more adult recognition strategies are acquired.
DISCUSSION
Cortical sensitivity to written words increases with age in 7-to 15-year-old children within the posterior LOTS, a region which matches the anatomical characterization of the VWFA. Furthermore, a longitudinal analysis of the change in a childʼs LOTS word sensitivity quantitatively matches the change in an individualʼs ability to quickly read common "sight words." This developmental pattern is functionally and anatomically specific: it is not found with other cognitive measures, such as rapid letter naming or phonological skills, nor in the ROTS.
Our findings fill in the developmental trajectory for the enhanced sensitivity to visual word forms previously described in adult good readers (Ben-Shachar et al., 2007b; Tarkiainen, Helenius, Hansen, Cornelissen, & Salmelin, 1999) . We demonstrate rising response curves to words in children as young as 7 years, in agreement with recent reports in German readers (Brem et al., 2010) . Whereas many previous developmental studies focus on response selectivity for words compared with other categories (Brem et al., , 2010 Turkeltaub et al., 2003) , our study follows up on the development of perceptual sensitivity to word visibility. Developmental changes in LOTS show up as increased responses to word stimuli embedded in noise.
This finding supports earlier claims on the basis of data from adult dyslexics, suggesting that successful reading relies on the ability to exclude noise effectively (Sperling, Lu, Manis, & Seidenberg, 2005) .
The correlation with the development of SWE supports the role of the LOTS in fast and efficient extraction of visual word forms from noisy background. This aspect of our findings complements a recent fMRI study (Bruno et al., 2008) , which demonstrates a similar correlation between LOTS sensitivity to word frequency and SWE in adults. Our finding is important in both its positive and negative implications. On the positive side, this finding supports a role for the LOTS in fast extraction of visual word forms but not in phonological decoding. Many frequent "sight words" included in the SWE subtest have irregular orthography, which may not be read by piece-wise grapheme to phoneme conversion. Thus, this finding can be viewed as supporting the idea that the LOTS learns to process larger orthographic units with time and exposure. On the negative side, the specific correlation with SWE works against an explanation in terms of general cognitive maturation, which would predict an across-the-board correlation with reading and intelligence.
Our findings provide a quantitative benchmark for the typical development of responses in the ventral reading pathways. Although our study mostly focused on typically developing readers, it shows some evidence that poor readers differ in their LOTS word visibility curves (Figure 4) . The individual subject approach we presented here can be applied to clinical imaging-based assessment of developing English readers compared with the typical development profile charted here. The longitudinal perspective we offer provides a dynamic and continuous view of reading development beyond a single snapshot provided by child-adult group comparisons. Group comparisons of brain responses preintervention and postintervention are very informative for the neuroscientist, because they imply plasticity within a specific system (Brem et al., 2010; Keller & Just, 2009; Meyler, Keller, Cherkassky, Gabrieli, & Just, 2008; Temple et al., 2003) . But for the parent and the educator, the important question is whether an individualʼs brain can change its properties following intervention and whether this is predictable on the basis of specific anatomical or functional properties. For this purpose, the individual perspective offered by our measurements may be effective. A natural extension of our measurements can trace longitudinal changes in individuals undergoing different types of intervention methods to study the effect of specific training on specific subsystems of reading. For example, a training study combined with longitudinal measurements can decide whether correlations between MT+ contrast responsivity and reading reflect a causal relation or stem from a third variable (Ben-Shachar et al., 2007a) .
Our data also reveal developmental changes in the volume of visibility-sensitive voxels within LOTS. The active region within LOTS first grows (between ages 7 and 9 approximately) and then shrinks (after the age of 13) until it reaches adult levels around age of 15 years (see Figures 5  and 6 ). These changes differ from the reports in facesensitive cortex, which present smaller activated clusters in younger age groups compared with adults, with adolescents somewhere in between (Golarai et al., 2007 (Golarai et al., , 2010 Scherf et al., 2007) . We interpret the size reduction observed in older children as reflecting the ability to process the same visual stimulus with fewer resources, that is, increased efficiency, along the same lines explaining the differences between good and poor readers (Figure 4) . Future studies will examine the generality of this finding beyond a specific task and stimulus paradigm.
Although we believe that longitudinal designs are important in the study of cognitive development, there are several precautions to take before embarking on a new longitudinal imaging study. First, it has been shown that cross-sectional comparisons between age groups provide a good approximation for longitudinal group comparisons results (Coalson, Petersen, & Schlaggar, 2007) . Given the technical complexity and slow nature of longitudinal designs, we suggest that a longitudinal design should only be adopted for charting individual cortical change. Second, on the basis of our experience, we suspect that annual measurements are spaced too widely. More measurements at shorter time lags would likely allow us to reach similar conclusions at a shorter overall time, which may also reduce attrition.
Limitations
A limitation of fMRI experiments in children is the restricted time available for effective scanning. A parametric design necessarily includes multiple conditions to adequately map the response function. We explained the advantages of this design choice in providing a robust, stimulus-referred, threshold measure of cortical sensitivity, which may be reliably followed over time. A clear disadvantage is that this manipulation does not allow testing hypotheses about the category selectivity of the response or about developmental changes in reading strategies. Furthermore, although we believe the individual perspective is essential in a longitudinal study, this analysis approach necessarily focuses on the changes in response properties of a specific brain region and may miss on more global changes in the spatial distribution of signals or the connectivity between regions (Bitan et al., 2007) . Finally, this study focused on the development of reading in typically developing children with a wide range of reading skills. We did not recruit a large group of dyslexics; in fact, only about 10% of our sample can be considered poor readers, similar to the distribution in the overall population. Our results, therefore, provide information about reading development in the general population, with some hints regarding impaired reading (see Figure 4) .
Reading requires the participation of a network of neural systems, each dominating different reading processes (Ben-Shachar, Dougherty, & Wandell, 2007; Schlaggar & McCandliss, 2007; Noble & McCandliss, 2005; Shaywitz et al., 2002) . It is likely that the developmental changes we document in the LOTS reflect increased sensitivity to visual inputs delivered through neighboring ventral visual areas such as hV4, VO1, and VO2 (Ben-Shachar et al., 2007; Wandell, Dumoulin, & Brewer, 2007) . The process of shaping the responses in LOTS is likely to be guided, initially, by phonological and multisensory integration regions in posterior STS and inferior parietal cortex (Blau et al., 2010; Blau, van Atteveldt, Ekkebus, Goebel, & Blomert, 2009) . However, at the time frame measured in this article, the changes in LOTS sensitivity appear to be related to efficient reading of sight words, not to phonological decoding. This suggests that in the later school year LOTS disengages from phonological modulation and becomes efficient at extracting perceptual patterns of words. The proper development of this system is surely relevant in English (Shaywitz et al., 2002) , but it may be even more important in other writing systems (van der Mark et al., 2009; Share, 2008; Ziegler, 2006; Siok, Perfetti, Jin, & Tan, 2004; Holopainen, Ahonen, & Lyytinen, 2001; Paulesu et al., 2001) . The growth of signals in the LOTS of individual children provides an interesting glimpse of how culturally guided education couples with experience-dependent plasticity to shape both cortical processing and reading development.
